We present and analyze the unique phenomena of enhanced THz transmission through a subwavelength LiF dielectric rod lattice embedded in an epsilon-near-zero KCl host. Our experimental results in combination with theoretical calculations show that subwavelength waveguiding of terahertz radiation is achieved within an alkali-halide eutectic metamaterial as result of the coupling of Mie-resonance modes arising in the dielectric lattice. © 2013 Optical Society of America OCIS codes: 160.3918, 130.5296, 190.7110, 300.6495. In recent years, man-made materials, known as metamaterials, have drawn extensive attention due to their unique electromagnetic properties, such as negative permittivity/ permeability, negative index of refraction, giant chirality, etc. [1] [2] [3] . Recently, particular interest is noted in the so-called epsilon-near-zero (ENZ) metamaterials, which possess a number of intriguing properties associated with the near-zero permittivity they exhibit [4] [5] [6] . Among these properties are their ability to "squeeze" electromagnetic waves (E/M) in ultranarrow ENZ channels [7] , to shape the radiation phase pattern of arbitrary sources [8] , to control leaky wave radiation from waveguides made by embedding defects in ENZ materials [9] , etc. ENZ metamaterials at a particular frequency can be synthesized by embedding suitable inclusions in a host medium. However, in the THz regime, which is a very challenging and appealing regime of the electromagnetic spectrum in terms of technological applications [10, 11] , metamaterials are not the only resort of ENZ response. Natural materials showing near-zero or small negative permittivity values already exist in this region of the E/M spectrum, known as polaritonic materials or crystals [12] .
In recent years, man-made materials, known as metamaterials, have drawn extensive attention due to their unique electromagnetic properties, such as negative permittivity/ permeability, negative index of refraction, giant chirality, etc. [1] [2] [3] . Recently, particular interest is noted in the so-called epsilon-near-zero (ENZ) metamaterials, which possess a number of intriguing properties associated with the near-zero permittivity they exhibit [4] [5] [6] . Among these properties are their ability to "squeeze" electromagnetic waves (E/M) in ultranarrow ENZ channels [7] , to shape the radiation phase pattern of arbitrary sources [8] , to control leaky wave radiation from waveguides made by embedding defects in ENZ materials [9] , etc.
ENZ metamaterials at a particular frequency can be synthesized by embedding suitable inclusions in a host medium. However, in the THz regime, which is a very challenging and appealing regime of the electromagnetic spectrum in terms of technological applications [10, 11] , metamaterials are not the only resort of ENZ response. Natural materials showing near-zero or small negative permittivity values already exist in this region of the E/M spectrum, known as polaritonic materials or crystals [12] .
Recently it has been shown that alkali-halide polaritonic materials can be structured easily in the μm scale, using eutectics self-organization, an approach which involves well-established crystal growth procedures and can be used for an easy and large scale production [13, 14] . Such an approach has been followed by A. ReyesCoronado et al. for achieving polaritonic metamaterial structures in which one can obtain hyperbolic dispersion relations, showing the potential of subwavelength resolution THz imaging [15, 16] . In addition, recent theoretical studies demonstrated backward-radiation-based imaging in polaritonic LiF rods embedded in either the KCl or NaCl polaritonic host, operating in the THz regime [17] .
In this Letter we demonstrate, both experimentally and theoretically, enhanced transmission and subwavelength guiding and propagation of THz waves through selforganized eutectic systems made of a LiF rod lattice in a KCl host, exploiting the ENZ response of the polaritonic KCl.
According to a recent theoretical study [18] an enhancement of E/M wave transmission through an ENZ material is expected if dielectric cylinders are embedded in it. This enhanced transmission has a resonant character and it is associated with the occurrence of subwavelength Mie resonances in the cylinders which exhibit electrical permittivity much higher than the permittivity of the surrounding ENZ medium [19] . In a periodic system of such cylindrical particles (photonic lattice), the resonances of the nearby particles are combined to give a transmission band, in the same way that the atomic orbitals are combined to give a propagation band for electrons in a tight-binding scheme.
In the case of the LiF/KCl system, the electrical permittivity of both LiF rods and KCl host obey a resonant response of Lorenz type [12] , giving ENZ for frequencies ω ∼ ω L , where ω L is the angular frequency of longitudinal optical phonons of the material. In particular, the KCl host f L ω L ∕2π 6.196 THz shows an ENZ response around 6 THz, ε KCl ∼ 0, while the LiF in the frequency range between 4 THz up to 8 THz exhibits positive permittivity, i.e., dielectric-like response [16] , with ε LiF 15.5 at ∼6 THz.
In order to fabricate the LiF/KCl eutectic samples studied here, the directional solidification technique has been followed, using the Bridgman method [20] , where LiF and KCl powders of high purity are mixed in their eutectic composition: 91% KCl and 9% LiF by weight, respectively. The geometrical features of the produced LiF/KCl eutectic metamaterials are shown in Figure 1 (c). In the resulting crystals, the single crystalline LiF rods are placed in an almost hexagonal lattice arrangement, as shown in Fig. 1(b) , with approximate filling ratio 6.95% and lattice constant and rod radius depending on the rate of solidification (pulling rate).
Longitudinal slices (i.e., parallel cuts to the rod axes) of LiF/KCl eutectics grown at 2 mm∕h pulling rate (resulting in 4.2 μm rod diameter and 15.1 μm lattice period) were studied in the region 0.4-8 THz, using a THz time domain spectroscopic system (THz-TDS). The system is based on a pump-probe, coherent detection approach, and uses an amplified kHz Ti:Sa laser system delivering 35 fs pulses at 800 nm central wavelength and maximum energy of 2.3 mJ∕pulse. Intense THz pulses, of maximum field 200 kV∕cm, are produced through 2-color filamentation in air and their detection is achieved following the standard time-resolved electro-optic sampling method using a 100 μm thick GaP crystal [21] .
In Fig. 2(a) , we present the frequency-dependent amplitude T of the transmitted THz pulse through the eutectic material as retrieved by the normalized sample spectrum, using as reference the THz electric field in absence of any sample. The two different spectra in Fig. 2(a) correspond to parallel polarization (blackcircles), i.e., incident electric field parallel to the LiF rods, and perpendicular polarization (purple-triangles). As one can clearly see, in the case of perpendicular polarization, the eutectic system exhibits zero transmission (T 0.05%) between 4.3 and 6.2 THz, corresponding to 48-70 μm, while it maintains a high transmittance in the rest of the THz region. Interestingly, for parallel polarization, a transmission peak (20%) appears centered around the frequency of 6 THz, close to the frequency where the KCl host presents ENZ response.
As was recently shown theoretically [18] , for parallel polarization the transmission amplitude through a dielectric subwavelength cylinder (like our LiF rods) embedded in an ENZ host (KCl) shows a sharp resonance, leading to even total transmission, when the condition J 0 k 2 R 0 is fulfilled, with J 0 , the zeroth-order cylindrical Bessel function; k 2 k 0 εμ p , k 0 ω∕c and ε, μ the relative permittivity and permeability of the cylinder, respectively; and R the cylinder radius. This condition is fulfilled when the incident wave frequency is close to the frequency of a Mie-resonance mode of the cylinder (for the first resonance k 2 R ∼ 2.4). In cases where more than one dielectric cylinders are present in an ENZ host, the condition for maximum transmission is practically the same as in the one cylinder case, with the only difference being the widening of the respective transmission peaks due to coupling between nearby cylinders.
In Fig. 2(b) , we present the numerically calculated (using CST Microwave Studio) transmission amplitude through a hexagonal lattice of LiF rods in a KCl matrix, with rod diameter and lattice period as in the experimentally characterized system, and taking for system length along the propagation direction 6 unit cells. In agreement with the experimental observations, for perpendicular polarization (dotted purple line), a zero transmission through the system is predicted within the THz frequency range from 4.0 THz up to 6.0 THz, while a resonance peak is present in the case of parallel polarization (solidblack line), centered at ∼6 THz and with peak transmission amplitude T 40%. At this frequency the resonance condition (k 2 R 2.4), leading to total transmission, is fulfilled for R ∼ 4.8 μm. Nevertheless, in our case, where the cylinders are of smaller radius, not total but enhanced transmission is predicted, indicating that the experimentally observed T peak is an enhanced transmission associated with Mie resonances in the LiF cylinders. The weaker transmission amplitude peak observed experimentally is mainly due to the diversity of the orientation of the LiF rods.
An additional feature characterizing the predicted resonant response is associated with an electric field which is strongly confined along the direction of the incident wave [18] (let's assume x direction), resembling the form of a p x atomic orbital. According to these theoretical predictions, subwavelength waveguiding is expected along the x direction due to the excitation and coupling of the p x -like modes of the neighboring along x cylinders. In a two-dimensional periodic system like the one we study here, subwavelength waveguiding along propagation direction is also expected.
This expectation is confirmed in Fig. 3 , where we present the field amplitude distribution of a plane THz wave, as propagating through homogeneous KCl and LiF bulks and through a LiF/KCl microstructured system with geometrical features as in the experimentally characterized sample.
In all three cases, the system is excited by a plane wave of 6 THz frequency, passing through a slit 50 μm wide (top row of Fig. 3 ) and 15 μm wide (bottom row of Fig. 3) , which were realized by placing a perfect electric conductor screen with a corresponding hole. We notice that the THz wave is rapidly absorbed while transmitted through a pure KCl medium while in the pure LiF medium, it is strongly diffracted (due to the hole dimensions). On the other hand, when one has the KCl/LiF eutectic, the wave is kept collimated and confined along the propagation direction. In particular, for the 50 μm slit (top row of Fig. 3 ), the field does not extend beyond the size of the slit in the lateral direction with attenuation losses of 0.052 dB∕μm. For the subwavelength slit of 15 μm (bottom row of Fig. 3 ) the field is concentrated along one row of rods in the direction of propagation and weakly attenuated (0.091 dB∕μm) subwavelength guiding is observed. The two additional lobes observed in the bottom row of Fig. 3 are associated with the hexagonal lattice feature and the slit width, which introduces incident wave-vectors along the direction of closely placed rods of the hexagonal lattice. Calculations, which are not presented here, have shown that in the case of a square lattice, the location of rods would lead to only one central lobe.
In conclusion, we have demonstrated experimentally enhanced transmission of THz waves through selforganized polaritonic eutectic systems of a LiF rod lattice in a KCl host associated with Mie resonances of the lattice and the ENZ response of the KCl host. The theoretical interpretation of the results verified that this transmission is associated with subwavelength waveguiding within the microstructures of the ENZ eutectic material. These results pave the way for realizing simple subwavelength waveguides in the THz regime using self-organized natural materials which, in contrast to what is usually achieved with today's metamaterials, may exhibit ENZ response for any E/M polarization and propagation direction within this region of the E/M spectrum.
